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High throughput sequencing has accelerated knowledge on the oral microbiome. While
the bacterial component of oral communities has been extensively characterized, the
role of the fungal microbiota in the oral cavity is largely unknown. Interactions among
fungi and bacteria are likely to influence oral health as exemplified by the synergistic
relationship between Candida albicans and oral streptococci. In this perspective, we
discuss the current state of the field of fungal-bacterial interactions in the context of the
oral cavity. We highlight the need to conduct longitudinal clinical studies to simultaneously
characterize the bacterial and fungal components of the human oral microbiome in health
and during disease progression. Such studies need to be coupled with investigations using
disease-relevant models to mechanistically test the associations observed in humans
and eventually identify fungal-bacterial interactions that could serve as preventive or
therapeutic targets for oral diseases.
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INTRODUCTION
Around 600 bacterial species and a still undetermined number
of fungal species inhabit the oral cavity of humans (Dewhirst
et al., 2010; Ghannoum et al., 2010; Dupuy et al., 2014). Oral
microbial cells arrange in organized biofilm structures on non-
shedding surfaces such as teeth. Organized aggregates are also
formed on mucosal surfaces and even in the salivary fluid phase,
via specific cell to cell adhesion events (Dongari-Bagtzoglou
et al., 2009; Kolenbrander et al., 2010). Such physical proximity
facilitates metabolic interactions among microbial cells (Egland
et al., 2004; Jakubovics et al., 2008; Kim et al., 2008), while a
defined spatial structure has been shown to increase stability
of microbial communities, allowing creation of chemical gradi-
ents (Kim et al., 2008). Microorganisms in these diverse assem-
blages interact through various types of metabolic exchanges. For
example, bacterial consortia cooperate to release nutrients from
macromolecules available in oral fluids (Bradshaw et al., 1994).
Cross-feeding events have been identified in which metabolic
end-products of one species are used as carbon sources by another
community member (Diaz et al., 2002; Marsh and Martin, 2009).
Also, through various signaling events, bacterial cells coexist-
ing in a community alter the phenotype of their neighbors
(Kuboniwa et al., 2009; Frias-Lopez and Duran-Pinedo, 2012).
Due to their specific nature, microbial interactions are likely to
influence community assembly and may also determine resis-
tance and resilience of communities to perturbations. Since
most oral diseases are associated with perturbations of com-
munity balance, understanding the interactions among species
that maintain community stability or allow microbial shifts
to occur is an essential part of the development of strategies
to preserve and restore oral health. Interactions among oral
microbial cells, however, have almost been exclusively stud-
ied in bacteria, while little is known regarding fungi-bacteria
relationships.
Limited interest on fungal-bacterial interactions and their role
in health and disease is a consequence of incomplete knowl-
edge on the fungal microbiota. Most studies on oral fungi have
focused on Candida species, which are highly amenable to culti-
vation. Candida species establish in the oral cavity as commensals
but may become virulent, causing mucosal lesions, under cer-
tain conditions (Lalla et al., 2013). The role oral bacteria play
in candidiasis has only recently received attention (Diaz et al.,
2012b; Xu et al., 2013). Interest in fungi other than Candida and
their role in oral health and disease is also emerging as recent
molecular characterizations of the oral mycobiome have high-
lighted the great diversity of fungi present in the oral cavity
(Ghannoum et al., 2010; Dupuy et al., 2014). In this perspec-
tive we will summarize current understanding of fungal-bacterial
ecology in relation to oral health, arguing that while the advent of
“omics” approaches will facilitate the identification of potential
fungal-bacterial relationships associated with health and disease,
parallel mechanistic studies using in vitro and in vivo models
are needed. Thus, a link between clinical studies in humans
conducted via a systems biology perspective and laboratory
experimental approaches using models to study candidate fungal-
bacterial relationships will provide the key to understand the
roles of fungal-bacterial interactions in oral health maintenance
(Figure 1).
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FIGURE 1 | Strategies to advance knowledge on fungal bacterial
interactions in the context of oral health. The first step (left panel) is to
conduct longitudinal clinical studies in humans characterizing the fungal and
bacterial components of themicrobiome throughout progression and resolution
of oral diseases. These observational studies should lead to identification of
potential positive (top panel, fungus A and bacteria B) or negative (top panel,
fungus A and bacteria A) interactions between bacteria and fungi. Selected
interactions need to be tested in disease-relevant experimental models to
confirm their importance to disease progression and dissect mechanisms
mediating the interaction. These studies could then be used to develop
strategies to interfere with fungal-bacterial interactions. Such strategies need
to be tested in experimental model systems and eventually in humans.
“OMICS” TECHNOLOGIES REVOLUTIONIZED
CHARACTERIZATION OF BACTERIAL AND FUNGAL ORAL
COMMUNITIES
A variety of “omics” approaches, particularly those powered by
high throughput DNA sequencing accelerated knowledge on the
composition of oral microbial communities. Parallel sequenc-
ing of 16S rRNA-based amplicon libraries allows rapid iden-
tification of bacterial species present in oral samples in what
has become a relatively straight forward process (Diaz et al.,
2012a). The availability of curated 16S rRNA sequence databases
for oral taxa, such as the Human Oral Microbiome Database
(HOMD), facilitates assignment of species level taxonomies to
short sequence reads (Dewhirst et al., 2010). We use the 16S
rRNA hypervariable regions V1 and V2 as a tool to survey
the oral bacteriome. Using this 16S rRNA region, it is pos-
sible to obtain species level taxonomic identities with almost
the same accuracy as when using full length 16S rRNA gene
sequences. For instance, if we download the 830 full length 16S
rRNA sequences from the HOMD and classify each sequence
using Mothur’s version of the Ribosomal Database Project clas-
sifier, with a bootstrapping cutoff of 80% (Schloss and Westcott,
2011), and using the same HOMD as template, we are able to
correctly assign ∼92% of sequences to their respective species.
Those sequences for which a species level taxonomy is not pos-
sible belong to species undistinguishable by their 16S rRNA
sequences (e.g., Streptococcus mitis and Streptococcus oralis) or
to organisms for which taxonomies still need clarification (e.g.,
Peptosptreptococcacceae, Alloprevotella spp.). When using only the
V1-V2 regions, we are able to correctly assign ∼90% of HOMD
sequences to species, in close agreement to results using full length
16S rRNA. It is thus possible to perform accurate species-level
taxonomic surveys of oral communities using partial V1-V2 16S
rRNA amplicons.
Using high throughput sequencing of 16S rRNA gene frag-
ments, our group and others have defined the complex shifts
in subgingival bacterial communities associated with periodon-
titis, an inflammatory condition of the supporting structures of
teeth (Griffen et al., 2011; Abusleme et al., 2013). These studies
have shown that despite great inter-subject variability in micro-
biome composition, dozens of species are consistently associated
with periodontitis. Similarly, the bacterial microbiomes associ-
ated with caries have been characterized revealing a complex
community in which the acidogenic microorganism Streptococcus
mutans becomes abundant in most, but not all, caries-associated
microbiomes (Gross et al., 2012). Moreover, high throughput
sequencing is being used to evaluate community functions in
health and disease, by comparison of shifts in the metagenomes
and metatranscriptomes of plaque samples (Belda-Ferre et al.,
2012; Duran-Pinedo et al., 2014; Jorth et al., 2014). These stud-
ies, however, have targeted only the bacterial component of the
microbiome.
In contrast to the oral bacterial microbiota, knowledge on the
fungal microbiota is limited. Our group has used high through-
put sequencing of internal transcribed spacer 1 (ITS1) amplicon
libraries to characterize the fungi present in oral samples. As with
bacterial amplicons, the actual process of sequencing is relatively
Frontiers in Cellular and Infection Microbiology www.frontiersin.org July 2014 | Volume 4 | Article 101 | 2
Diaz et al. Fungal-bacterial oral interactions
clear-cut, but there are three special challenges associated with
the mycobiome (Dupuy et al., 2014). First, some fungal cells are
notoriously difficult to break open, so we have adopted a rela-
tively harsh bead-beating method that utilizes a very high density
zirconia bead. We suspect this improvement allowed us to be
the first to capture the widespread and abundant presence of
species from the genus Malassezia in the healthy human mouth.
A second challenge is to improve the legitimacy and accuracy of
taxonomic assignments. Using the curated Fungal Metagenomics
Project database to analyze our sequence datasets, we have empir-
ically developed a BLAST E-value match statistic (10−42) that
reduces spurious assignments and improves the likelihood of
identification of biologically relevant fungi. The third challenge,
and one likely to be of considerable significance to understanding
fungal involvement in oral health and disease, are the fungal-
specific problems in binary names and phylogenetic classifica-
tions. Fungi provide themost abundant and widespread examples
of organisms with multiple names, often involving different gen-
era, lacking nomenclature guidelines. Three factors contribute to
autonomous naming: independent isolation of the same fungus
from different environments, dimorphic forms, and the pres-
ence of asexual (anamorph) and sexual (teleomorph) pairs. With
respect to the oral cavity, the anamorph and teleomorph pairs
of many Candida and Pichia species provide instructive exam-
ples. In our studies, Cyberlindnera jadinii (from NCBI) has been
exclusively represented by its synonym, Pichia jadinii, which has
the anamorph name of Candida utilis; in fact, anamorphic genus
Candida names exist for each of the teleomorphic Pichia species
we have found in the mouth to date. In the example mentioned,
we have decided to use Candida as the priority genus referring
to these sequences as Candida utilis (Pichia jadinii, Cyberlindnera
jadinii). There is, however, an urgent need to develop a curated
database for oral fungi with consensus nomenclature to link
previous and current clinical studies.
Using the aforementioned improvements, we have exam-
ined the salivary mycobiome in healthy individuals via ITS1
sequencing (Dupuy et al., 2014). Our results are in good
agreement with the only similar study (Ghannoum et al.,
2010) in identifying consensus mycobiome members Candida/
Pichia, Cladosporium/Davidiella, Alternaria/Lewia, Aspergillus/
Emericella/Eurotium, Fusarium/Gibberella, Cryptococcus/
Filobasidiella, and Aureobasidium. Our study, however, was
the first to identify Malassezia species as prominent commensals.
We have now extended our analysis to dozens of samples from
healthy individuals that were collected in different clinical or
research environments, and have confirmed widespread presence
of Malassezia species in the mouth. The role of Malassezia spp. in
oral homeostasis, however, remains unknown.
USING “OMICS” INFORMATION TO IDENTIFY CANDIDATE
FUNGAL-BACTERIAL INTERACTIONS IMPORTANT TO ORAL
HEALTH
Microbiome profiles can be used to explore co-occurrence and
co-exclusion patterns in oral communities. Associations inferred
from this analysis could be used to generate hypotheses regarding
synergistic or antagonistic interactions among fungi and bac-
teria. Several approaches to this analysis have been proposed.
Duran-Pinedo et al. (2011) used weighted correlation network
analysis to identify associations between bacterial species in
subgingival plaque. In a proof of principle experiment, these
authors demonstrated that correlation network information
could improve the growth of uncultivated taxa in laboratory
media. Several Prevotella spp. were identified as candidate growth
partners for the uncultivated Tannerella sp. HOT286, based on
direct associations in microbial network modules. Using the
helper Prevotella spp. in a co-cultivation approach, the authors
were able to enrich for Tannerella sp. HOT286 in solid laboratory
media.
More recently, Faust et al. analyzed the 16S rRNA-basedmicro-
bial profiles of more than 5000 samples from healthy individuals
to infer a bacterial interaction network, addressing the method-
ological limitations of using simple correlation coefficients such
as Pearson’s or Spearman’s to analyze organismal associations
from relative abundance data (Faust et al., 2012). Since rela-
tive abundance measures are dependent on each other and the
increase in one organism is always accompanied by a decrease in
others, these authors devised a series of analytical approaches to
account for the compositionality of the data, inferring significant
inter-species associations at different body sites.
The only publication to date that has used microbial 16S
rRNA and ITS profiles to explore co-occurrence patterns among
fungal and bacterial members of oral communities is that by
Mukherjee et al. (2014). These authors report on a series of
pairwise Spearman’s correlation tests for bacterial and fungal
genera present in oral rinse samples and then explore an antag-
onistic relationship between two oral fungi, Candida and Pichia.
Validation of the fungal-bacterial correlations in larger cohorts
and experimental evidence demonstrating their significance are
still required.
Amplicon-based profiles have also been correlated to total and
taxon-specific loads in oral samples. Kraneveld et al. combined
16S rRNA gene profiling with real time qPCR measurements to
explore the relationship between Candida load, bacterial load and
the bacterial microbiome composition of saliva in elderly subjects
(Kraneveld et al., 2012). After comparison of the 16S rRNA to
Candida ITS qPCR ratios, it was seen that in most subjects bac-
teria outnumbered Candida. However, in one subject Candida
appeared at much higher levels than bacteria. Interestingly, the
authors found that in samples with high Candida load, there was
an increase in relative abundance of saccharolytic species from
the genera Streptococcus, Lactobacillus, and Scardovia, among oth-
ers, suggesting a relationship between an acidogenic flora and
Candida.
No human clinical study to date has investigated associations
among bacteria and fungi in a longitudinal manner simultane-
ously evaluating disease progression or therapy outcomes. Such
longitudinal and/or interventional studies could reveal whether
oral diseases are associated with disruption of fungal-bacterial
relationships. For instance, the incidence of candidiasis in non-
oral mucosal compartments such as the vaginal tract is associated
with antibiotic intake and it is therefore believed to be a con-
sequence of disrupting the bacterial microbiome (Maraki et al.,
2003; Xu et al., 2008). Indeed, evidence from animal models sug-
gests that in the gut Candida interacts with the resident bacterial
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microbiome potentially influencing host-microbiome homeosta-
sis (Mason et al., 2012a,b). Using a rodent model exposed to a
cephalosporin antibiotic, Mason et al. (2012a,b) demonstrated
that an intact bacterial flora is essential to prevent Candida col-
onization of the lower gastrointestinal tract. In turn, C. albicans
colonization of microbiome-perturbed mice promoted sustained
gut dysbiosis, preventing the regrowth of lactobacilli, which are
presumably associated with gastrointestinal health, while allow-
ing establishment of Enterococcus spp. at higher levels than those
present prior to antibiotic treatment. Moreover, in vitro evidence
suggests that C. albicans virulence may be modulated by the
bacterial co-colonizing flora. For example, Pseusomonas aerugi-
nosa, known to coexist in the cystic fibrosis lungs with C. albi-
cans, has been demonstrated to affect yeast to hyphal transition
and also biofilm formation, potentially limiting C. albicans to a
commensal state of growth (Morales et al., 2013). In contrast
to non-oral mucosal sites, the oropharynx has been demon-
strated to be more resistant to Candida overgrowth than the
lower GI tract and vagina following antibiotics (Maraki et al.,
2003; Kim et al., 2014). It is not clear, however, if this is due
to lack of profound perturbation of the oral bacteriome fol-
lowing antibiotic intake, or perhaps because of less dependency
between fungi and bacteria in the mouth. Longitudinal human
evidence is thus required on possible changes in global bacte-
rial and fungal profiles during development of oral candidiasis.
Similarly, although recent in vitro and animal models have sug-
gested a possible role forCandida-Streptococcus mutans synergism
in the pathogenesis of caries (Falsetta et al., 2014), longitudinal
human studies are needed to evaluate the bacterial and fungal
microbiome components simultaneously during the progression
of this disease.
GOING BACK TO THE BENCH TO DISSECT MECHANISMS
MEDIATING RELATIONSHIPS IN MODEL SYSTEMS
Although co-occurrence and co-exclusion patterns inferred from
microbial profiles may be used to generate hypotheses, it should
be noted that these associations could simply indicate microor-
ganisms with similar nutritional requirements or niche prefer-
ences and may not represent direct mutualism or antagonism.
Ultimately, the consequences of fungal-bacterial interactions
identified clinically require testing in relevant model systems. Our
group has used several in vitro and animal models to explore the
consequences of a fungal-bacterial interaction likely to occur in
the human oral cavity.
The genus Streptococcus is highly abundant at oral sites, with
Mitis group streptococci (MGS) being the most numerically
dominant (Dewhirst et al., 2010; Diaz et al., 2012a). MGS, prin-
cipally represented by Streptococcus gordonii, Streptococcus oralis,
Streptococcus sanguinis, and Streptococcus mitis colonize both
teeth and oral mucosal surfaces (Frandsen et al., 1991; Diaz et al.,
2006, 2012a). An overgrowth of Candida on mucosal surfaces is
associated with the appearance of white detachable lesions com-
monly known as oral thrush (Lalla et al., 2013). Although no
evidence from human longitudinal studies of oral candidiasis is
available, several lines of evidence point to MGS as potential part-
ners for Candida albicans, the most common Candida species
associated with thrush. S. oralis and C. albicans are frequently
co-isolated from the sputum of antibiotics-treated symptomatic
cystic fibrosis patients (Maeda et al., 2011). Furthermore, C. albi-
cans and Streptococcus pneumoniae, a non-oral MGS with a high
degree of genetic and phenotypic relatedness to S. oralis (Johnston
et al., 2010; Denapaite et al., 2012) have been implicated in
pulmonary infections (Yokoyama et al., 2011). Recent evidence
has also shown that introduction of C. albicans in the intesti-
nal mucosa of antibiotics-treated mice leads to a preferential
re-colonization by enterococci (Mason et al., 2012a) and strep-
tococci (Filler, personal communication). Characterization of the
cellular composition of thrush lesions in humans is not avail-
able, and therefore animal models have been used to investigate
the pathophysiology of this condition. Using a murine model of
oropharyngeal candidiasis, we showed that thrush-like lesions are
formed by densely packed Candida cells surrounded by indige-
nous murine bacterial cocci (Dongari-Bagtzoglou et al., 2009).
Furthermore, microscopic studies have revealed corn-cob-like
structures formed by Candida and streptococci in the mouth of
humans (Zijnge et al., 2010). In vitro studies have also shown
that Candida and streptococci physically interact via specific
adhesin-receptor mediated binding forming biofilm structures
on abiotic surfaces (Silverman et al., 2010). Collectively this evi-
dence supports the idea that Candida and streptococci may form
a potentially mutualistic partnership.
To begin to study interactions between C. albicans and MGS
members in models relevant to oral disease we developed an
in vitro organotypic mucosal model that incorporates salivary
flow and also developed an oral polymicrobial infection mouse
model. Using these models we showed that when C. albicans is
co-inoculated with S. oralis on mucosal surfaces, streptococcal
mucosal biofilm formation is enhanced (Diaz et al., 2012b; Xu
et al., 2013). The next logical question to investigate was the role
of streptococci in the progression of oropharyngeal candidiasis.
Despite the fact that oral MGS have been traditionally con-
sidered avirulent commensals, recent experimental evidence is
unraveling a more “sinister” role for these cocci as accessories to
primary pathogens in mucosal infections. Using a mouse model
of oral infection we recently provided evidence for the role of
MGS as accessory pathogens in oropharyngeal candidiasis (Xu
et al., 2013). Two MGS species were tested (S. oralis and S. gor-
donii) and neither showed virulence on their own, even when
animals were immunocompromised and inoculated with a high
number of organisms. However, when co-inoculated with C. albi-
cans, S. oralis (but not S. gordonii) triggered increased frequency
and severity of oral lesions, and greater weight loss. Oral co-
inoculation with both organisms also triggered an exaggerated
mucosal inflammatory response. The majority of the immune
regulatory genes upregulated in co-infected animals belonged
to the categories of chemotaxis response, neutrophilic response,
cytokine activity, and phagocytosis. Interestingly, strong induc-
tion of multiple neutrophil-activating cytokines (IL-17C, CXCL1,
MIP-2/CXCL2, TNF, IL1α, IL-1β) with concomitant increased
neutrophilic infiltration was observed in co-infected animals.
Because increased S. oralis mucosal colonization in the presence
of C. albicans aggravated mucosal infection, it is conceivable that
like many opportunistic pathogens, a critical mass of this species,
reached only in the presence of Candida, is needed to induce
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pathology. These results dispute the long held belief that the com-
mensal bacterial flora protect the host against oral candidiasis
(Liljemark and Gibbons, 1973).
In vitro biofilm models and rodents have also been recently
used to study the interaction of C. albicans and Streptococcus
mutans in the context of dental caries (Gregoire et al., 2011;
Falsetta et al., 2014) As seen with MGS, S. mutans biofilm for-
mation is enhanced in the presence of C. albicans. This inter-
action appears to be mediated by extracellular polysaccharides.
Using a rat caries model, this group also demonstrated that co-
inoculation of C. albicans and S. mutans increased the oral infec-
tion burden for both organisms and produced more severe caries
lesions than in mono-infected animals (Falsetta et al., 2014).
Evidence on the potential synergy between Candida and
streptococci from experimental models highlights the need to
understand fungal bacterial relationships in the context of
human disease. Although human evidence confirming the role
of fungal-bacterial interactions in the progression of oropharyne-
gal candidiasis and caries are still required, it is clear that such
fungal-bacterial relationships should be considered as potential
preventive and therapeutic targets.
CONCLUSIONS
Amicrobial community has emergent properties, that is, commu-
nity characteristics cannot be inferred by studying its components
separately. In this respect the advent of “omics” approaches will
facilitate understanding of microbial communities in humans,
using systems biology approaches. We argue, however, that such
“omics” methods need to be coupled with adequate in vitro
and in vivo models allowing mechanistic proof for interactions
and relationships observed in vivo (see Figure 1). Laboratory
models can also be used to develop interventional strategies to
interfere with fungal-bacterial interactions important in disease
development. The development of more complex polymicro-
bial laboratory models, however, is desirable. Ultimately, proof
that interference with fungal-bacterial interactions could serve
as an interventional tool for disease needs to be obtained in the
complex human ecosystem.
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